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I.  Introduction 

During  the  3-year  period  of  Contract  FI 9628-81 -K-0002,  experimental 
studies  of  ion-molecule  interactions  and  reactions  and  of  electron-ion 
recombination  were  carried  out  via  drift  tube  and  microwave  afterglow 
techniques,  respectively. 

The  ion-molecule  interactions  and  reactions  studied  included: 

a)  thermal  energy  charge  transfer  and  atom  transfer  when  0++  ions  in 

3  ll 

both  their  ground  P  and  metastable  'D  and  S  states  collide  with  He, 

O2,  N2  and  CO2  atoms  or  molecules, 

b)  mobility  differentiation  between  ground-state  and  metastable  ions; 
here  0+,  02+»  0++  and  02++  ions  moving  in  helium  or  in  neon  gas, 

c)  ion-molecule  association/dissociation  reactions  at  low  temperatures; 
here  the  ions  were  N0+,  0^+ ,  N+  and  N2+  combining  in  three-body 
collisions  at  thermal  energies  (100  K  to  400  K)  with  N2  and  CO2  molecules. 

The  electron-ion  recombination  studies  involved  dissociative 
recombination  between  electrons  and  dimer-cluster  ions,  here  C0+-C0 
(and  C0+*(C0)2),  and  The  recombination  coefficient  was 

determined  over  a  wide  range  of  electron  temperatures  (ambient  thermal 


to  *  7000  K). 


The  detailed  descriptions  of  the  methods  of  study,  experimental 
measurements,  results  and  conclusions  for  these  various  topics  are  given 
in  papers  published  or  to  be  published  which  are  described  in  Sections  II 
and  III  and  the  Appendix. 

II.  Research  Published  during  the  Present  Contract 

The  texts  of  each  of  the  following  papers  appears  in  the  Appendix 
of  this  report. 

A.  Ion-Molecule  Reactions 

1.  "Reactions  of  ground-state  and  metastable  0++  ions  with  He, 


02>  N2  and  CO2  at  thermal  energies",  R.  Johnsen  and 
M.  A.  Biondi. 

2.  "Mobilities  of  ground-state  and  metastable  0+,  02+,  0^+ 
and  Onions  in  helium  and  neorV ,  Rainer  Johnsen,  Manfred  A. 
Biondi  and  Makoto  Hayashi. 

3.  "Laboratory  measurements  of  the  association  rate  coefficients 
of  N0+,  02+,  N+,  and  N2+  ions  with  N2  and  CO2  at  temperatures 
between  100  K  and  400  K" ,  Seksan  Dheandhanoo  and  Rainer 
Johnsen. 

B.  Electron- Ion  Recombination 

1.  "Electron-temperature  dependence  of  dissociative  recombina¬ 
tion  of  electrons  with  C0+- (C0)n-series  ions".  Marlin 
Whitaker,  Manfred  A.  Biondi  and  Rainer  Johnsen. 

2.  "Electron-temperature  dependence  of  dissociative  recombi¬ 
nation  of  electrons  with  N2+,N2  dimer  ions",  Marlin 
Whitaker,  Manfred  A.  Biondi  and  Rainer  Johnsen. 

III.  Research  Results  to  be  Readied  for  Publication 

A.  Recombination  of  0a+  Ions  with  Electrons  as  a  Function  of  Tp 
Using  microwave  afterglow  techniques  similar  to  those  described 
in  Sec.  II  B.  1  and  2  the  variation  of  the  recombination  coefficient 
a(04+)  with  electron  temperature  Te  has  been  determined  over  the  range 
140  K  -  Te  -  7600  K  and  T+  =  Tn  =  140  K.  The  results  of  the  studies 
may  be  expressed  in  the  form 

a(04+)  =  (3.9  -  0.4)  X  10-6[Te(K)/300]-°-55  cm3/s  . 

Thus  the  behavior  of  the  dimer  ion  02^2  ( i . e . ,  0^+)  is  similar  to  that 
observed  for  C0+-C0  and  N2+-N2  ( i . e. ,  N4+)  ions  -  a  large  coefficient 


at  300  K  (>  10"D  cnr/sec)  and  a  variation  close  to  T  .  These 
results  will  be  readied  for  publication  as  part  of  our  ongoing  work 


Appendix 

Texts  of  papers  published  in  scientific  journals  during  the 


period  of  this  contract  are  given  on  the  following  pages. 
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Reactions  of  ground-state  and  metastabie  02+  ions  with  He, 
02,  N2i  and  C02  at  thermal  energies 

Rainer  Johnsen  and  Manfred  A.  Biondi 

Department  of  Physics  and  Astronomy,  University  of  Pittsburgh.  Pittsburgh,  Pennsylvania  1 5260 
(Received  16  July  1980;  accepted  10  September  1980) 

Evidence  is  presented  that  some  previous  studies  of  reactions  of  O'*  ions  with  various  atoms  and  molecules 
referred  to  ion  samples  composed  in  part  of  ions  in  metastable  ('/)  and/or  states.  This  finding  resolves  the 
1  orders  of  magnitude  discrepancy  between  previous  experimental  and  calculated  rate  coefficients  for  the 
O'*  ('PI  +  He  charge  transfer  process.  Using  a  drift  tube  to  distinguish,  via  arrival  time  differences,  ground- 
state  0;*(‘/>)  and  metastable  ions,  a  rate  coefficient  of  (3.5 ±  1.5) x  10  "  cmVsec  is  obtained  for  the  reaction, 
in  good  agreement  with  that  obtained  from  ab  initio  theoretical  calculations.  Previous  conclusions  concerning 
reactions  of  O’*  with  O,  and  N„  however,  remain  valid  since  the  difference  in  reactivity  of  ground-state  and 
metastable  O’*  ions  appears  to  be  negligible  in  this  case.  The  rate  coefficient  for  the  reaction  Oj*  +  CO,  has 
been  determined  to  be  (2±0.5)X  10  *  cmVsec  for  ions  either  in  the  ground-state  or  in  metastable  states. 
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I.  INTRODUCTION 

The  recent  observation  of  doubly  charged  oxygen  ions 
in  the  earth's  ionosphere  and  proposed  photochemical 
models  involving  such  ions'  have  motivated  several  stud¬ 
ies2,3  of  reactions  of  O2*  ions  with  atmospheric  consti¬ 
tuents,  most  importantly  02  and  N2.  These  measure¬ 
ments  indicated  that  the  destruction  of  O2*  ions  in  reac¬ 
tions  with  N2  would  be  considerably  faster  than  the  pho¬ 
tochemical  model  had  assumed,  a  finding  which  has  led 
to  a  search  for  additional  sources  of  O2*  ions.4 

In  another  context,  Dalgarno  el  al ,s  performed  theo¬ 
retical  calculations  of  the  charge  transfer  of  O2*  ions 
with  helium  and  found  a  moderate  rate  coefficient  for 
the  process,  £^2x10'"  cmVsec,  at  temperatures  near 
1000 '"K.  Since  this  result  was  in  sharp  contrast  to  the 
very  small  value,  ~  10'14  cmVsec,  inferred  in  the  ex¬ 
periment  of  Howorka  cl  al. , 3  Dalgarno  el  al.  introduced 
adjustments  to  the  theoretically  calculated  interaction 
parameter  to  obtain  agreement  with  experiment.  Such  a 
large  adjustment  of  the  theoretical  value  seems  unsatis¬ 
factory  and  by  implication  casts  doubt  on  the  validity  of 
calculated  charge  transfer  coefficients.  It  appeared 
worthwhile,  therefore  to  investigate  alternate  possibili¬ 
ties  of  reconciling  theory  and  experiment. 

Experience  gained  in  studies  of  doubly  charged  rare 
gas  ions6  suggested  that  the  experimental  measurements 
of  Howorka  cl  al.3  might  refer  to  O2*  ions  in  an  excited 
state,  invalidating  a  comparison  with  theoretical  calcula¬ 
tions  for  ground  state  ions.  As  described  below,  we 
have  obtained  experimental  evidence  to  support  this  hy¬ 
pothesis  and  conclude  that  the  theoretical  value  for  the 
02V3P)  -  He  charge  transfer  rate  is  correct.  Further, 
since  the  previous  experimental  measurements2*3  were 
carried  out  with  O2’  ions  that  were  either  partly  or  com¬ 
pletely  in  metastabie  states,  the  measured  reaction  rates 
might  not  be  applicable  to  ionospheric  models.  (Fortu¬ 
nately,  our  measurements  indicate  that  charge  transfer 
with  molecules  (02,  N2)  is  insensitive  to  the  particular 
state  of  the  O2*  ion.)  Finally,  the  reaction  of  O2*  ions 
with  C02  was  included  in  this  study  because  of  its  pos¬ 
sible  importance  in  the  ionospheres  of  the  inner,  C02- 
rich  planets. 


II.  EXPERIMENTAL  METHOD  AND  MEASUREMENTS 

Our  drift-tube  mass-spectrometer  apparatus  and  the 
essential  features  of  the  experimental  techniques  were 
the  same  as  used  in  our  previous  study  of  the  02*  +  02 
and  02*+ N2  reactions. 2  Again,  the  minor  branch  (<  10%) 
of  the  reaction  of  Ne2*  ions  with  02  molecules  was  used 
as  a  source  of  O2*  ions,  i.e. , 

Ne2*+  02—  O2**  other  products  .  (1) 

Since  the  original  work  was  carried  out,  the  efficiency 
of  the  ion  detection  system  has  been  improved  signifi¬ 
cantly,  so  that,  in  a  neon  carrier  gas  with  small  addi¬ 
tions  of  02  (typically  ~  3x  10"5  Torr  of  02  in  0.  5  Torr  of 
neon),  it  is  possible  to  analyze  the  detailed  structure  of 
the  O2*  arrival  spectra  produced  by  the  reaction.  It  was 
found  that  the  three  low-lying  states  of  Ne2*  (i.e. ,  the 
3P  ground  state  and  the  lD  and  'S  metastabie  states), 
which  are  distinguishable  by  their  different  ionic  mo¬ 
bilities,7  each  contribute  to  the  observed  O2*  arrival 
spectrum  with  comparable  efficiencies  (the  XD  state  is 
~3*  more  effective  than  the  3P  ground  state). 

An  example  of  an  O2*  arrival  spectrum  is  shown  in 
Fig.  1(b),  with  its  decomposition  into  components  aris¬ 
ing  from  the  different  Ne2*  states  [showm  in  Fig.  1(a)). 
(Since,  in  neon,  O2*  ions  have  a  higher  mobility  than  do 
Ne2*  ions,  an  O2*  component  formed  from  a  particular 
Ne2*  state  exhibits  an  arrival  spectrum  extending  from 
the  transit  time  across  the  drift  region  of  that  Ne2*  state 
to  an  earlier  time  corresponding  to  the  O2*  transit  time.) 
Also  shown,  in  Fig.  1(c),  is  an  arrival  spectrum  re¬ 
corded  when  a  small  amount  of  helium  (5*  10'3  Torr)  was 
added  to  the  neon  carrier  gas.  It  is  clear  that  only  one 
component  of  the  O2*  arrival  spectrum,  the  one  due  to 
Ne2*(3P),  was  affected  by  the  addition  of  helium,  indi¬ 
cating  that  it  is  composed  of  O2'  ions  in  a  different  state 
than  the  others.  Based  on  theoretical  arguments  (see 
Sec.  Ill)  this  finding  suggests  identification  of  this  group 
as  02*(3P),  while  the  other  O2*  ions  should  be  in  metasta¬ 
bie  states  (' D  and 'or  'S). 

The  prelerential  loss  of  the  leading  edge  of  the  O 2*(3P) 
arrival  spectrum  occurs  because  those  O2*  ions  were 
produced  at  early  times  (near  the  drift  tube  entrance) 
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FIG.  1.  Examples  ol  Ne2*  parent  Ion  and  O2*  product  ion  arrival 
spectra:  (a)  Ne2*  ions  In  the  indicated  states,  (b)  O2*  ions’  spec¬ 
trum  without  addition  of  helium  and  (c)  with  helium  added.  The 
O2*  arrival  spectra  are  Interpreted  as  superpositions  of  three 
components,  each  extending  from  the  transit  time  of  O2*  to  that 
of  the  Ne2*  parent  ion.  Conditions:  p(Ne)  =  0. 54  Torr,  p(Oj) 

~  10*5  Torr,  p(He)  =  0  (part  b)  and  5x  10”2  Torr  (part  c);  E/N 
=  20  Td. 


and,  having  traversed  a  greater  distance  from  their 
point  of  creation  to  the  drift  tube’s  exit,  have  suffered 
a  larger  loss  in  reactions  with  helium.  This  effect  can 
be  used  to  obtain  semiquantitative  values  for  the  rate 
coefficient  of  the  single-electron  charge-transfer  reac¬ 
tion 


0?'(}P)  +  He  -  O*  +  He*  .  (2) 

Of  the  products  of  Reaction  (2)  only  He*  was  observable, 
while  the  O*  product  was  obscured  completely  by  the 
larger  signal  from  the  charge  transfer  reaction  Ne2*  +  02. 
Also,  the  reaction  of  Ne2*  with  helium  is  fortunately  ex¬ 
tremely  slow,1  so  that  its  He*  product  ions,  while  ob¬ 
servable,  were  not  confused  with  those  of  Reaction  (2). 

Similar  data  to  those  shown  in  Fig.  1  were  taken  at 
several  helium  densities  and  yielded  rate  coefficients 
between  2xl0'n  and  5*10'n  cmVsec  foi  Reaction  (2). 
The  uncertainty  in  this  value  is  largely  due  to  the  diffi¬ 
culty  of  accurately  decomposing  the  O2*  arrival  spectra, 
a  problem  which,  in  principle,  could  be  overcome  by 
computer-fitting  procedures.  The  majority  of  data  were 
taken  at  sufficiently  low  values  of  E/S  (the  electric  field 


to  gas-density  ratio)  that  the  O2*  ions’  mean  energy  was 
raised  only  slightly  above  ambient  (to  ~  400  °K).  Some 
data  were  taken  at  higher  drift  fields  where  the  different 
states  of  Ne2*  are  no  longer  distinguishable  by  differences 
in  ionic  mobilities.  It  was  still  possible,  however,  to 
obtain  estimates  for  the  rate  coefficient  of  Reaction  (2) 
at  effective  temperatures  of  the  O2*  ions  near  1000 °K. 

The  values  were  similar  to  ihosc  obtained  at  the  lower 
temperatures  (i.e.,  between  2x  10‘"  and  5 M0'11  cm3/ 
sec).  Obviously,  the  large  uncertainties  in  the  values 
precluded  determination  of  the  temperature  dependence 
of  Reaction  (2). 

Rate  coefficients  for  the  reactions  of  O2*  with  Oz  and 
N2  had  been  determined  in  our  previous  experiments2; 
however,  the  presence  of  several  distinguishable  states 
of  O2*  was  not  appreciated  at  that  time.  In  the  course 
of  the  present  experiments,  a  search  was  made  for  pos¬ 
sible  differences  in  the  rate  coefficients  for  ground-state 
and  metastable-state  O2*  ions  reacting  with  02,  N2,  and 
C02.  No  such  effects  were  found.  It  appears  that  both 
ground-state  and  metastable  O2*  ions  react  with  the  mo¬ 
lecular  gases  mentioned  above  with  essentially  the  same 
rate  coefficients.  Differences  in  reactivity  of  about  20% 
should  have  been  detectable  but  were  not  found. 

The  rate  coefficient  for  the  02*  +  C02  reaction  was  mea¬ 
sured  and  found  to  have  a  value  of  (2±  0.  5)  *  10'“  cm3/sec 
at  an  effective  temperature  of  ~  400  “K.  It  was  not  pos¬ 
sible  to  determine  the  product  ions  of  this  reaction,  since 
in  all  cases  the  expected  products  are  more  abundantly 
produced  by  the  reaction  of  the  unavoidably  present  Ne2* 
with  C02. 

III.  DISCUSSION  OF  RESULTS  AND  CONCLUSIONS 

The  experimental  results  indicate  only  that  two  (or 
more)  different  states  of  O2*  were  present  in  the  stud¬ 
ies;  the  identification  of  these  states  by  experimental 
means,  as  is  often  the  case,  is  difficult,  but  the  theo¬ 
retical  calculations  of  Dalgarnocf  at.*  clearly  suggest 
that  the  state  which  reacts  with  helium  is  the  3P  ground 
state  of  O2*.  Other  possible  identifications  would  be  'D 
or  *S,  of  which  the  'D  state  can  probably  be  ruled  out  on 
theoretical  grounds,  since  Dalgarno  el  at.*  have  ex¬ 
tended  their  calculations  to  the  reaction  of  02*(lP)  +  He 
and  find  that  the  reaction  should  be  negligibly  slow  at 
near-thermal  energies.  The  identification  of  the  O2* 
state  as  3S  seems  equally  unlikely;  formation  of  0*(4P) 
ions  in  the  process  02*('S)  *  He  -  0*(6P)  +  He*('S)  should 
be  the  favored  exit  channel  for  the  reaction,  but  the 
small  exoergicity  of  the  process  (about  1  eV)  would  lead 
to  a  potential  curve  crossing  between  initial  and  final 
states  at  internuclear  separations  ~  1.5*  10"’  cm,  too 
large  for  efficient  charge  transfer.  Indeed,  similar 
reactions6  between  doubly  charged  rare  gas  ions  and 
rare  gas  atoms  have  invariably  been  found  to  be  slow 
when  the  exoergicity  was  less  than  about  2  eV.  By  con¬ 
trast,  the  reaction  02*('.V)-i  Ne-O’fV)*  Ne‘(2P)  is  ex- 
oergic  by  almost  exactly  4  eV,  which  has  been  found  to 
be  the  optimal  value  for  charge-transfer.6  Thus,  even 
if  the  !S  stale  is  produced  in  our  experiments,  it  should 
be  eliminated  very  quickly  in  reactions  with  the  abundant 
carrier  gas  neon.  We  therefore  conclude  that  the  state 
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which  reacts  with  lioliuni  is  O2*!3/'). 

The  measured  rate  coefficient  for  O 2*(3P)  *  He,  =  (3.  5 
±  1.5)*  10"u  cmVsec,  agrees  within  a  factor  of  two  with 
the  theoretical  value  of  Dalgarno  el  at. , 5  which  is  quite 
good,  in  view  of  the  uncertainties  in  both  the  theoretical 
treatment  and  the  experimental  determination.  The  re¬ 
sults  presented  here  also  imply  that  the  measurements 
by  Howorka  et  al. , 3  carried  out  in  high-density  helium 
carrier  gas,  refer  to  O2'  ion  samples  depleted  of  all 
ground-state  ions  and  hence  to  O2'  ions  in  a  mixture  of 
the  1 D  and  *S  states.  As  noted  earlier,  the  measure¬ 
ments  by  Johnsen  and  Biondi2  referred  to  a  mixture  of 
ground-state  and  metastable  ions  rather  than,  as  was 
then  believed,  to  ground  state  ions.  However,  the  con¬ 
clusions  drawn  from  these  measurements  concerning  ap¬ 
plications  to  ionospheric  models  remain  valid.  Reactions 
with  N2  and  02  are  fast  for  both  ground-state  and  meta¬ 
stable  O2*  ions;  thus  the  problem  of  accounting  for  the 
substantial  O2'  concentrations  observed  in  the  /'-region 
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Mobilities  of  ground-state  and  metastable  0+,  02+,  02+,  and 
0\+  ions  in  helium  and  neon 

Rainer  Johnsen,  Manfred  A.  Biondi,  and  Makoto  Hayashi*1 

Department  of  Physics  and  Astronomy.  University  of  Pittsburgh.  Pittsburgh.  Pennsylvania  15260 
(Received  4  May  1982;  accepted  12  May  19f2) 

The  ionic  mobilities  of  O * ,  O/ ,  0: * ,  and  t  tj4  in  helium  and  neon  have  been  measured  using  a  selected  ion 
drift  apparatus  (SIDA).  It  is  found  that  the  mobilities  of  both  O*  and  O-’  tons  in  the  metastable  states  ( 7D  or 
4/7, )  are  measurably  smaller  than  those  of  the  same  ions  in  their  ground  states.  The  detection  and 
identification  of  metastable  ions  was  carried  out  by  using  know  n,  state-selective  ion-molecule  reactions  A 
similar  mobility  differentiation  of  ground  s  ate  and  metastable  ions  was  not  observed  for  the  O’’  and  O;' 


I.  INTRODUCTION 

Two  recent  experimental  studies1,2  of  he  reactivity  of 
metastable  0'(2D)  ions  made  use  of  the  I  act  that  the 
metastable  fraction  of  the  O*  ion  sample  could  be  read¬ 
ily  distinguished  from  that  in  the  ground  state  by  ex¬ 
ploiting  a  small  difference  in  the  ionic  n  abilities  of  the 
two  ions  in  helium  gas.  The  utility  of  st  ite-specific 
mobilities  in  studies  of  low-energy  ion-molecule  re¬ 
actions  is  obvious,  but  available  mobility  data  suggest 
that,  in  general,  ionic  mobilities  depend  very  little  on 
the  internal  state  of  the  ion  unless  symmetry  effects  are 
important.  The  abovementioned  case  of  O*  ions  in  hel¬ 
ium  was  the  only  example  in  which  state-  specific  mobil¬ 
ities  were  observed  for  ions  drifting  in  a  chemically 
different  gas. 

In  an  attempt  to  find  additional  examples  of  state-de¬ 
pendent  mobilities,  we  have  examined  the  mobilities  of 
molecular  and  atomic  oxygen  ions,  both  singly  and 
doubly  charged,  in  the  gases  helium  and  neon.  Several 
of  these  ions  are  known  to  possess  meta:  table  states, 
and  ion-molecule  reactions  are  known  II  at  can  be  used 
to  identify  the  particular  states.  Helium  and  neon  were 
chosen  as  the  neutral  atoms  since,  because  of  their 
small  electrical  polarizabilities,  the  ion -atom  interac¬ 
tion  is  not  dominated  by  the  long-range  polarization 
force,  which  leads  to  mobilities  which  are  not  state 
specific. 

II.  APPARATUS  AND  EXPERIMENTAL  METHOD 

The  measurements  were  carried  out  in  the  selected 
ion  drift  apparatus  (SIDA)  shown  schematically  in  Fig.  I. 
The  drift  tube  proper,  the  mass  filter  used  for  ion  anal¬ 
ysis  and  the  associated  electronic  equipment  were  the 
same  as  used  in  a  simpler  version  of  the  apparatus3 
which  has  been  described  several  times.  An  additional 
vacuum  chamber  was  added  which  contained  the  electron 
impact  ion  source  and  a  quadrupole  mass  filter  to  select 
ions  of  the  desired  mass-to-charge  ratie  from  among 
those  produced  in  the  ion  source.  This  arrangement, 
primarily  intended  for  ion-molecule  reaction  studies, 
was  also  found  to  be  advantageous  in  studies  of  ion 
mobilities. 

a>Nagoya  Institute  of 'lecliraiPn.’y,  (iokiso-elio.  Xv«mn-I.u, 
Nagoya,  .'npar». 


Under  typical  operating  conditions,  a  mass-selected 
pulse  of  ions  (containing  -  105  ions)  is  injected  into  the 
drift  region  with  an  energy  of  about  10  eV  and  at  a  rep¬ 
etition  rate  of  ~  103  Hz.  Following  therinalization 
through  collisions  with  the  neutral  gas  atoms,  ihe  ion 
cloud  traverses  the  drift  tube  with  a  drift  velocity  ap¬ 
propriate  to  the  ionic  mobility,  applied  electric  field 
and  gas  density.  Those  ions  effusing  through  the  exit 
orifice  of  the  drift  region  (approximately  one  ion  of  the 
10s  injected  per  pulse)  are  mass  analyzed  and  detected 
by  a  particle  detector  (channel  electron  multiplier). 

Ion  counts  are  accumulated  in  a  multichannel  analyzer 
operated  in  a  time-of -flight  mode.  The  mean  transit 
time  of  ions  through  the  drift  tube  is  then  found  from 
the  distribution  of  counts  stored  in  the  multichannel 
analyzer  after  applying  a  correction  for  the  brief  times 
of  traversal  of  the  mass  spectrometers.  As  is  custom¬ 
ary,  the  measured  mobilities  have  been  reduced  to  a 
standard  density  of  2.  69 x  1019  cm'3  and  are  given  as  a 
function  of  the  electric  field  to  neutral  gas  density  ratio 
E/N  in  units  of  Td(l  Td  =  10'17  V  cm2). 

The  experimental  uncertainties  arising  from  inaccu¬ 
racies  in  voltage  and  pressure  measurements  are  ~1^„ 

A  larger  source  of  error,  unavoidable  in  this  type  of 
apparatus,  is  associated  with  the  injection  of  ions  into 
the  drift  cell  at  an  energy  considerably  in  excess  of  the 
final  drift  energy.  This  "injection  effect”  leads  to  an 
erroneously  large  value  for  the  mobilities  measured  at 
lower  gas  pressures  (an  error  of  ~  5%  at  a  pressure  of 
0.  25  Torr,  compared  to  ~  1 %  at  1  Torr).  Therefore, 
where  necessary,  the  data  were  corrected  by  corre¬ 
sponding  amounts.  In  order  to  test  the  accuracy  of  the 
data,  the  mobility  of  Ne*  ions  in  neon  was  measured  and 
compared  with  the  values  obtained  by  Helm4;  the  agree¬ 
ment  was  better  than  2*  . 

III.  MEASUREMENTS 

A.  Mobilities  of  oxygen  ions  of  m/p=  16  in  helium 

At  low  values  of  E/S,  three  groups  of  oxygen  ions 
with  a  mass-to-charge  ratio  m  fq  -  16  could  be  distin¬ 
guished  by  their  different  mobilities  in  helium.  An  ex¬ 
ample  of  a  recorded  arrival -time  spectrum  is  given  in 
Fig.  2,  which  is  typical  of  the  data  obtained  at  low  E'S 
and  pressures  near  1  Torr.  It  is  clear  that  the  inten¬ 
sities  of  the  three  groups  of  ions  are  comparable  and 
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FIG.  1.  Schematic  diagram  of 
the  selected  ion  drifi  apparatus 
(SIDA). 


that  the  assumption  of  a  purely  ground -state  O*  ion  sam¬ 
ple  would  be  erroneous.  The  identification  of  the  two 
ions  of  higher  mobilities  has  been  discussed  in  detail 
previously1,2;  the  fastest  ion  is  evidently  0*(4S),  while 
the  ion  with  the  next  highest  mobility  has  been  identified 
as  metastable  0'(2D),  with  a  possible  admixture  of 
0*(2P). 

The  third  ion  group  (lowest  mobility)  was  found  to 
have  a  significantly  higher  appearance  potential  than  the 
other  two  ions.  The  suspicion  that  this  ion  was  Of* 
rather  than  another  metastable  state  of  O*  was  con¬ 
firmed  by  tests  in  which  the  reactivity  of  this  ion  with 
other  gases  was  investigated.  When  traces  of  N2  were 
added  to  the  helium,  the  ion  was  rapidly  converted  into 
two  ions  Nj  and  Of  (with  a  rate  coefficient  of  2x  10"’ 
cmVs).  Similarly,  when  neon  was  added  to  the  helium, 
both  Ne'  ions  and  Of  ions  were  produced.  Both  obser¬ 
vations  are  consistent  with  single  charge  transfer  from 
an  initial,  doubly  charged  ion.  According  to  the  cal¬ 
culations  by  Hurley5  of  the  Of*(l£,)  potential  energy 
curves,  single  charge  transfer  of  this  ion  with  neon 
would  be  nearly  energy  resonant,  which  is  generally 
not  sufficient  for  low-energy  charge  transfer  from 
doubly  charged  ions.  It  seems  likely,  though,  that  the 
Of*  ion  is  formed  by  vertical  ionization  into  a  vibra- 
tionally  excited  state  with  v  -  5.  in  which  case  charge 
transfer  with  neon  would  be  exoergic  by  about  2  eV.  It 
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FIG.  2.  Example  of  an  arrival-time  spectrum  of  III  ff  til  amu 
ions  in  helium  gas  at  />(lle)  =  0.yf>  Torr.  E/N-  ft).  9  id,  and 
drift  region  length  3r>.fi(i  cm. 


is  therefore  concluded  that  the  ion  of  lowest  mobility 
is  Of"  (!£f),  possibly  with  vibrational  excitation  near 
v  =  5. 

The  measured  mobilities  in  helium  are  shown  in  the 
uppermost  portion  of  Fig.  3.  Above  E/N  =40  it  was 
not  possible  to  resolve  the  different  groups  of  ions;  thus 
no  attempt  was  made  to  distinguish  the  ion  mobilities  at 
higher  E/N.  Data  over  a  larger  range  of  E/N  for  0*(2£>) 
have  been  obtained  by  Rowe  et  al .2  using  a  different 
method  described  by  those  authors. 

B.  Mobilities  of  oxygen  ions  of  mlq-  32  in  helium 

Mobilities  of  Of  ions  in  helium  have  been  measured 
previously.6  From  experiments*  in  which  both  ground  - 


E/N  (  Td  ) 


FIG.  3.  Measured  reduced  mobilities  of  singly  and  double 
charged  oxygen  ions  in  helium  as  a  function  of  £  A  at  a  gas 
temperature  ot  1100  K. 
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state  and  metastable  (4n„)  02  ions  were  known  to  be 
present,  it  was  concluded  that  the  mobilities  of  the  two 
ions  were  nearly  the  same.  The  present  experiments 
confirm  the  finding  that  the  difference  in  mobilities  is 
indeed  very  small,  but  under  suitable  conditions  (pres¬ 
sures  near  2  Torr  and  low  E/N)  a  slight  splitting  of  the 
Oj  arrival  peaks  is  detectable,  as  indicated  in  the  mid¬ 
dle  portion  of  Fig.  3  by  the  arrows. 

OJ(4nj  ions  are  known®  to  undergo  a  charge  transfer 
reaction  with  argon  which  is  not  energetically  possible 
for  C2  ground-state  ions.  By  adding  small  amounts  of 
argon  to  the  helium  it  was  found  that  tht  slower  group 
of  02  ions  reacted  with  argon  and  hence  contained  the 
metastable  fraction  of  the  02  ion  samples.  While  the 
dependence  of  ionic  mobilities  on  gas  temperature  was 
not  the  subject  of  this  study,  a  limited  number  of  mea¬ 
surements  were  carried  out  in  a  smaller,  low  tempera¬ 
ture  drift  tube  at  77  K.  It  was  noted  that  the  splitting 
of  the  02  arrival  spectrum  into  two  distinct  components 
was  larger  than  at  room  temperature. 

C.  Mobilities  of  oxygen  ions  of  m!q  = 8  in  helium 

Although  the  yield  of  O2*  ions  produced  by  electron 
impact  on  02  was  very  small  (less  than  0. 1%  of  that  of 
O'),  for  mobility  measurements  this  method  of  generat¬ 
ing  O2'  was  found  preferable  to  the  indirect  method7  via 
the  Ne2*  +Oz  reaction  used  previously.  It  is  also  known 
from  previous  work7  that  ground  state  O2*  ions  undergo 
charge  transfer  with  helium;  consequently  the  mobility 
of  these  ions  in  helium  cannot  be  determined.  The  O2* 
ions  observed  in  the  present  experiment  were  therefore 
expected  to  be  in  either  or  both  of  the  low  lying  lD  and 
‘S  metastable  states. 

No  splitting  of  the  observed  O*  arrival  spectra  into 
distinguishable  components  was  observed,  which  may 
indicate  either  that  only  a  single  metastable  state  was 
present  or  that  both  states,  lD  and  ‘S,  yield  the  same 
mobilities  in  helium.  The  mobility  of  O2*  ions  in  hel¬ 
ium  (see  the  lower  portion  of  Fig.  3)  shows  a  pronounced 
maximum  at  E/N  values  near  55  Td,  indicating  a  weakly 
attractive  potential  between  O2*  and  He.  Because  of  the 
low  intensity  of  this  ion,  it  was  not  possible  to  extend 
the  measurements  to  significantly  higher  E/N. 

D.  Mobilities  of  oxygen  ions  of  mlq  =  16  in  neon 

Two  readily  distinguishable  groups  of  m/q  =  16  ions 
were  found  in  neon.  Reactivity  tests  similar  to  those 
performed  in  helium  to  identify  the  ion  groups  were 
also  made  in  neon.  As  in  helium,  the  slower  of  the 
two  O*  ions  reacted  rapidly  with  both  N2  and  02  by 
charge  transfer,  suggesting  a  metastable  O*  ion,  most 
probably  the  *D  state  ion.  The  faster  group  of  ions  was 
found  to  react  slowly  with  02  and  N2,  which  is  typical  of 
O'  ions  in  the  4S  ground  state.  The  ion  Of  was  not  ob¬ 
served  in  neon,  since,  as  noted  in  Sec.  Ill  A,  Of  ions 
are  rapidly  destroyed  by  charge  transfer  with  neon. 
Compared  to  measurements  in  helium,  the  separability 
of  the  two  O*  ion  groups  in  neon  was  considerably  better, 
making  neon  the  gas  of  choice  for  measurements  where 
separation  of  the  two  ions  is  desired.  The  measured 
mobilities  are  shown  in  the  uppermost  portion  of  Fig.  4. 
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FIG.  4.  Measured  reduced  mobilities  of  singly  and  doubly 
charged  oxygen  ions  in  neon  as  a  function  of  E/N  at  ItllO  K. 


E.  Mobilities  of  oxygen  ions  of  m/q  =  32  in  neon 

The  arrival  time  spectra  of  02  ions  in  neon  showed  a 
clear  splitting  into  two  components  of  comparable  in¬ 
tensity.  The  ions  in  the  group  of  lower  mobility  were 
found  to  undergo  a  charge  transfer  reaction  with  argon 
which  is  typical  of  02  ions  in  the  4I1„  metastable  slate, 
suggesting  this  as  the  most  likely  identification.  The 
ion  group  of  higher  mobility  did  not  react  with  argon, 
suggesting  that  this  group  contains  only  02  ions  in  the 
ground  state.  At  E/N  values  above  ~20  Td,  the  dis- 
tinguishability  of  the  two  ion  groups  was  poor;  conse¬ 
quently  the  average  mobility  of  the  mixed  ion  sample 
was  measured  (see  middle  portion  of  Fig.  4). 

F.  Mobilities  of  oxygen  ions  of  mlq  =  8  in  neon 

While  the  arrival  time  spectra  did  not  give  any  indi¬ 
cation  of  the  presence  of  more  than  one  state  of  the  O2* 
ion,  tests  showed  that  only  a  portion  of  the  ion  popula¬ 
tion  reacted  with  helium  by  charge  transfer.  This  re¬ 
action,  ascribed  to  02*(3R)  ground-state  ions,  has  been 
studied  recently.7  These  results  suggest  that  at  least 
two  states  of  O2*  arc  produced  by  electron  impact  on  02 
but  that  the  ionic  mobilities  of  the  ions  in  different 
states  are  very  nearly  identical.  The  results  of  the 
measurements  are  shown  in  the  lower  portion  of  Fig.  4. 

IV.  DISCUSSION  OF  RESULTS 

The  experimental  data  presented  in  the  preceding 
section  indicate  that  the  selection  of  excited  stales  of 
ions  through  mobility  differentiation  may  be  feasible  in 
more  cases  than  previously  thought.  This  effect  can  be 
exploited  in  measurements  of  ion-molecule  reaction 
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rates  where  the  presence  of  metastable  ions  is  often  a 
disturbing  factor  or  where  reactions  of  metastable  spe¬ 
cies  are  under  investigation.  The  results  certainly 
should  not  be  generalized;  in  a  number  of  cases  ground- 
stale  and  metastable  ions  have  nearly  identical  mobil¬ 
ities;  therefore,  the  absence  of  an  observable  mobility 
difference  does  not  imply  the  absence  of  metastable 
ions. 

On  the  basis  of  available  data,  mobility  differentia¬ 
tion  among  different  states  of  ions  seems  to  be  most 
pronounced  in  the  light  rare  gases  helium  and  neon. 

In  the  more  polarizable,  heavier  rare  gases  the  domi¬ 
nant  ion-neutral  interaction  at  low  collision  energies 
arises  from  the  dipole  moment  induced  in  the  neutral 
atom;  therefore  Ihe  mobility  should  depend  very  little 
on  the  internal  excitation  state  of  the  ion.  In  support 
of  this  hypothesis,  in  the  heavier  rare  gases  various 
ions  of  very  different  chemical  nature  exhibit  mobilities 
which  depend  solely  on  the  polarizability  of  the  atom 


and  the  reduced  mass  of  the  ion-atom  pair,  a.-,  pre¬ 
dicted  by  the  Langevin  formula.® 
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ABSTRACT 

Rate  coefficiens  for  the  association  reactions  of  N0+  ions  with  and  CO  ,  09  with 
N^,  and  M*  and  NCj  with  have  been  determined  as  a  function  of  gas  temperature  in'a  labora¬ 
tory  experiment  employing  a  variable-temperature  drift-tube  apparatus.  The  measured  rate 
coefficients  were  titte,  to  power  laws  of  the  form  k  -  C  (T/30f))x  where  the  exponent;,  x 
ranged  from  2.2  to  4.3.  The  strong  temperature  dependence  observed  in  the  case  of  the  re¬ 
action  of  N0+  with  N,  (x  =  4.3)  supports  the  thesis  by  Arnold  et  al.  (1979)  that  the  tempera¬ 
ture  variability  of  D-region  ion  densities  is  a  result  of  this  reaction  step  in  the  ion 
clustering  sequence. 

1.  INTRODUCTION 

It  has  been  recognized  for  some  time  that  three-body  association  reactions  of  ions 
with  atmospheric  gases  provide  the  principal  mechanism  by  which  the  primary  ions  in  the  D- 
region  are  converted  to  the  hydrated  ion  species  observed  by  rocket  borne  mass  spectrometers. 
The  variability  of  total  ion  content  and  ion  density  profiles  in  the  D-region  has  been 
ascribed  (Arnold  et  al.  1979)  to  the  effect  of  ambient  gas  temperature  on  three-body 
association  reactions,  which  is  particularly  strong  in  the  case  of  reactions  leading  to 
weakly  bound  cluster  ions.  Laboratory  measurements  of  such  reaction  coefficients  are  thus 
naturally  of  interest  for  model  calculations  of  the  D-region  ion  chemistry. 

While  experimental  techniques  to  study  ion-molecules  reactions  are  very  well  developed, 
several  complications  arise  in  measurements  involving  weakly  bound  cluster  ions.  Unless 
precautions  are  taken,  such  as  working  at  low  gas  temperatures  and  providing  "scavenger" 
molecules  to  prevent  the  re-dissociation  of  the  product  ion  clusters,  the  resulting  rate  co¬ 
efficients  can  be  seriously  in  error.  The  measurements  described  below  were  carried  out  in  a 
variable-temperature  drift-tube  mass-spectrometer,  which  was  specifically  constructed  for 
such  measurements,  and  the  known  complicating  effects  were  taken  into  account.  The  rate  co¬ 
efficients  were  measured  under  strictly  thermal  equilibrium  conditions  at  temperatures  close 
to  those  encountered  in  the  D-rcgion.  Nitrogen  was  used  as  the  carrier  gas  rather  than  the 
frequently  used  helium  in  order  to  provide  more  realistic  conditions. 

The  reactions  of  N+  and  Nj  ions  with  N2  are  probably  not  of  importance  in  the  D-region 
but  they  were  studied  for  comparison  with  other  experimental  data  and  because  of  their  intrin¬ 
sic  interest  as  basic  reactions.  The  possible  role  of  reactions  of  ions  with  neutral,  van  dor 
Waals  dimers  will  be  discussed  briefly  since  such  reactions  have  recently  been  proposed  as 
alternative  reaction  paths  in  both  the  D-region  and  laboratory  measurements  (Calo  and  Narcisi 
1980). 

2.  EXPERIMENTAL  METHOD  AND  APPARATUS 

The  variable-temperature  drift-tube  apparatus  used  in  this  work  has  been  described  in 
detail  previously  (Johnson  et  al.  1979). 

As  in  earlier  measurements  of  other  reactions,  short  pulses  of  parent  ions  (N0+,  O^, 
err.)  were  injected  ato  a  drift-reaction  chamber  containing  the  reactant  gases  under  study. 

Bv  application  of  suitably  programmed  electric  drift  fields  the  ions  were  transported  to  the 
renter  of  the  drift  chamber,  at  which  time  the  electric  field  was  turned  off  and  the  ions 
were  allowed  to  react  for  a  variable  length  of  time.  Upon  restoration  of  the  drift  field  the 
ions  traversed  the  remaining  part  of  the  drift  chamber  and  representative  samples  of  the  ion 
ponulation  were  withdrawn  from  the  chamber  through  a  small  sampling  orifice  for  subsequent 
-use  analysis  and  detection.  The  reaction  rates  were  then  obtained  from  the  observed  decrease 
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;  parent  ion's  number  density  with  increasing  reaction  ti  i.  Corrections  were  appl  ied 

La  lake  into  account  losses  of  ions  bv  lateral  diffusion  to  the  chamber  walls. 

The  gas  temperature  was  adju-'re  by  flowing,  liquid  nitreeon  through  a  ccoiir.a  jacket 
surrounding  the  chamber  or  heating  the  chamber  by  means  of  electric  heaters.  All  measure¬ 
ments  described  in  this  article  were  made  under  conditions  where  the  electric  drift  field  was 
absent  during  the  reaction  time.  Consequently,  the  question  of  ionic  velocity  distributions 
in  the  presence  of  electric  fields  did  not  arise  in  this  work. 

In  order  to  measure  the  forward  rate  coefficient  of  the  association  reactions  it  was 
found  necessary  to  inhibit  thermal  redissociation  of  the  weakly  bound  cluster  ions  by  convert- 
in.;  them  into  more  stably  bound  cluster  ions.  An  application  of  this  "scavenging"  technique 
to  the  reaction  of  N0+  in  Nj  and  an  analysis  of  the  pertinent  rate  equations  have  been  de¬ 
scribed  earlier  (Johnson  et  al.  197S).  In  addicion  to  estimating  the  permissible  concentra¬ 
tions  of  scavenging  molecules  from  the  rate  equations  experimental  tests  were  made  to  ensure 
that  the  scavenger  concentration  was  sufficiently  large  to  prevent  redissociation  oi  the 
primary  reaction  products  without  introducing  additional  unwanted  reaction  paths. 

Because  of  their  small  binding  energies  cluster  ions  are  susceptible  to  f racmentation 
by  collisions  with  residual  gas  molecules  in  the  transfer  space  between  the  drift  chamber  and 
the  mass  spectrometer.  Unless  this  effect  is  taken  into  account,  the  resulting  fragment  ions 
will  contribute  to  the  parent  ion  signal  entering  the  mass  spectrometer  from  the  drift 
chamber  and  one  would  obtain  erroneously  small  decay  rates  of  t Ire  parent  ion.  Fortunately, 
the  transit  times  of  clustered  and  unclustcred  parent  ions  were  found  to  be  sufficiently 
different  such  that  this  "false"  parent  ion  signal  could  be  subtracted  from  the  observed 
signal.  Conditions  were  avoided  where  this  separation  of  the  two  parts  of  the  parent  ion 
signal  was  not  possible  with  adequate  accuracy. 

3.  MEASUREMENTS  AND  RESULTS 
A .  h'0+  +  2  S7 

Reactive  equilibrium  between  the  association  reaction 

N0+  +  2  N2  -*■  N0+  N2  +  N,  (1) 

and  its  inverse  reaction,  thermal  dissociation 

K0+  N2  +  N2  ■*  N0+  +  2  N2  (2) 

was  prevented  in  these  measurements  by  adding  about  2t  nitric  oxide  to  the  nitrogen.  In 
this  case  the  switching  reaction 

N0+  N2  +  NO  -<•  N0+  NO  +  N2  (3) 

converted  the  N0+  N2  ions  into  the  more  stable  N0+  NO  ions  at  a  much  higher  rate  than  that 
of  reaction  (2)  and  the  decline  of  the  N0+  density  reflected  the  conversion  rate  due  to 
reaction  (1)  only.  The  effectiveness  of  the  NO  scavenger  was  estimated  by  assuming  a  rate 
coefficient  for  reaction  (3)  of  at  least  10"33  em3/sec  and  values  of  the  rate  coefficient 
of  reaction  (2)  from  previous  experiments.  Experimentally,  the  effectiveness  of  the 
scavenger  concentration  was  monitored  by  observing  the  disappearance  of  N0+  Nt  in  the  ion 
mass  spectrum  upon  addition  of  NO  and  also  by  noting  that  further  increases  of  the  NO 

concentration  (up  to  63!  of  Nj)  had  only  a  negligible  effect  on  the  rate  of  decline  of  the 

patent  ions  X0+. 

The  measured  rate  cocf f icients  at  temperatures  between  100  K  and  180  K  and  Nj 
densities  of  typically  1  x  10]6  cm-3  arc  shown  in  Fig.  1.  Expressed  in  the  functional  form 
of  a  power  law,  the  rate  coefficient  kj  may  be  written  as 

kj  *  (3  -  0.3)  x  10'33  (300/T)^1-'*  cm^/soc  (4) 

where  the  coefficient  were  obtained  by  fitting  to  the  present  data  only.  It  seems  remark¬ 
able  that  an  extrapolation  of  the  present  data  to  300  K  reproduces  an  independent  determina¬ 
tion  of  J.j  at  300  K  by  Hoimerl  and  Vnnderhoff  (1974)  quite  well,  as  indicated  in  Fig.  I. 

’.o.iile  the  rate  coefficient  for  thermal  dissociation  of  N0+  N,  in  N.,,  reaction  (2), 

w.j.-  net  measured  directly  in  this  work,  it  may  be  inferred  from  prcviousl v'neasured  equili¬ 
bria':  constants  (.Johnson  ct  al.  1973,  Turner  and  Conway,  1976)  K  *  kj/W->  and  Eq .  (4). 
kith  tiie  equilibrium  constants  given  by  Johnson  ct  al.  one  obtains  for  kjt 
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k  ,('i )  -  1.5  x  10~® (300/T) ^  •  ■*  exp(-20'>J/T)  tm'/sw 
Calculated  values  for  k.,  bused  on  thii»  expression  are  sl.owy  ,ts  y  dashed  line  in  Yit;.  1. 


B.  °2  4  2  x* 


In  many  respects  the  measurements  of  the  association  of  0  ions  with  N, 

0*  *  2  N;  -  o|  Kj  ♦  N,  (6) 

were  quite-  similar  to  those  of  N0+.  In  order  to  circumvent  the  problem  of  thermal  dis¬ 
sociation  of  CJ  N2  ions,  i.e.  the  reaction 

°2  N2  +  N2  ’  °2  +  2  K2  ,  (7) 

typically  1.5-3.52  of  oxygen  were  added  to  the  nitrogen  with  the  result  that  the  switching 
reaction 

°2  n2  +  °2  -  °4  +  N2  (8) 

quickly  converted  the  0*  N2  ions  into  the  more  stable  0^  ions.  By  using  varying  admix¬ 
tures  of  Os  it  was  established  that  the  measured  rate  coefficient  for  reaction  (6)  did 
not  depend  on  the  particular  0->  concentration  chosen.  The  measured  rate  coefficients 
for  reaction  (6)  are  shown  in  fig.  2  as  a  function  of  the  gas  temperature.  The  data  in 
Fig.  2  may  be  fitted  quite  well  by  a  power  law  of  the  form 

k,(T)  -  (1.0  ±  0.1)  x  10-i0(300/T)3-2  cm6/sec  .  (9) 

0 

As  indicated  in  Fig.  2,  an  extrapolation  of  the  present  data  to  300  K  using  Eq.  (9)  agrees 
rather  well  with  an  independent  measurement  of  k^  by  Howard  et  al.  (1972).  The  temperature 
dependence  of  thermal  dissociation  of  02  N.  with  may  be  inferred  from  Eq.  (9)  and  the 
measured  equilibrium  constants  of  Janik  and  Conway  (1976)  for  the  inverse  reactions  (6) 
and  (7).  One  obtains  the  expression: 

k?(T)  -  1.7  x  10_7(300/T)3-2  exp(-2676/T)  cr»3/sec  .  (10) 

Values  of  k?  calculated  from  this  expression  are  also  plotted  in  Fig.  2. 
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Fj.g.  1  Measured  rate  coefficients 
k  “  kj  for  association  of  N0+  ions  in 
N?.  Open  circles:  present  data.  Other 
data  points  marked  11  +  V:  Heimerl  and 
Vanderhoff  (1974),  SAC:  Smith  ct  aj .  ( 1 « 7 
JHB:  Johnson  et  al.  (1979).  Open  squares 
Inferred  rate  coefficients  k”  -  k-,  lor 
thermal  dissociation  of  N0+  N2.  (Use 
right-hand  scale  to  read  values  of  k~.) 


N0*  +  2N,=*  NO*  N,  +  N, 

k”  *  * 


iso  200  : 

Tempetoijie  !K) 


300  <00 
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C .  ?;0T  +  CO  2  +  N  2 

At  the  temperatures  used  in  the  e.-p.  r intent  the  ion  N0+  CO.,  was  sufficiently  stable 
against  thermal  dissociation  to  permit  a  direct  measurement  of  the  reaction  rate  of 

N0+  +  C02  +  N2  ♦  S0+  C02  +  K2  (11) 

without  employing  scavenger  gases.  Rate  coefficients  for  this  reaction  were  derived  from 
the  observed  decay  rates  of  N0+  ions  in  N'2-C02  mixtures  in  which  the  C02  admixture  was 
typically  from  5  to  20%  of  the  N2  concentration.  Generally,  the  N2  concentration  was  held 
constant  and  measurements  were  carried  out  at  different  C02  densities  in  order  to  obtain 
the  increase  of  the  effective  rate  coefficient  with  C02  addition.  The  quality  of  the  data 
was  somewhat  poorer  than  that  obtained  in  the  other  measurements  because  of  the  difficulty 
of  keeping  gas  temperature  and  both  gas  concentrations  constant  for  extended  periods  of 
time.  The  data  points  shown  in  Fig.  3  are  possibly  subject  to  errors  on  the  order  of  30% 
at  the  lower  temperatures  because  of  this  difficulty.  It  seems  unlikely  though  that  the 
disagreement  between  the  present  data  and  those  by  Dunkin  et  al.  (1971)  ar.d  Smith  et  al. 
(1977)  was  caused  by  a  systematic  error  in  the  present  work.  The  temperature  dependence 
of  k2i  based  on  fitting  a  power  law  to  the  data  may  be  expressed  as: 

k3  *  (1.4  ±  0.4)  X  10-29('300/T)4,0  cm6/sec  (12) 


Fig.  2  Measured  rate  coefficients 
k+  =  k^  for  association  of  02  ions 
with  N'2.  Open  circles:  present 
data.  Point  marked  HBRK  from  Howard  et 
al .  (1972).  Open  squares:  Inferred 
r,.te  coefficients  k"  *  k2  for  thermal 
dissociation  of  0$  N2.  (Use  right- 
hand  scale  to  read  values  of  k_.) 


Fig.  3  Measured  rate  coefficients 
k+  =  kjj  for  association  of  N0+  ions  in 
C02  with  N2  as  third  body.  Open  circles: 
Present  data.  Points  marked  SAC  from 
Smith  et  al.  (1977).  Point  marked  D 
from  Dunkin  et  al.  (1971). 
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Both  Nj  and  sj  are  stable  against  ili.rmal  dissociation  at  the  temperatures  used 
such  that  the  forward  rate  coefficient  of  the  reactions 

N+  +  2  N2  -  N*  +  N2  (10 

and  X*  +  2  lij  ■'  n|  +  Sj  (If) 

could  be  measured  over  a  wide  range  of  temperatures  without  difficulty.  lii.-.ik-up  of  t.'^ 
ions  into  N*  +  Kj  was  observed,  however,  os  a  result  of  collisions  with  residual  gas 
molecules  in  the  transfer  space  between  the  drift  chamber  and  the  mass  sp»ct rum,  t.  r .  The 
K*  ions  resulting  from  collisional  dissociation  were  distinguishable  from  those  N't  tons 
entering  from  the  drift  chamber  by  their  different  transit  times  (the  ionic  mobility  of 
Nj  in  h’2  is  larger  than  that  of  by  about  257.). 

The  measured  rate  coefficients  for  reaction  (13)  are  shown  in  Fig.  (A)  as  a 
function  of  gas  temperature.  The  agreement  of  the  present  data  obtained  at  300  K  with 
the  drift  tube  measurements  by  Moseley  et  al.  (1969)  is  seen  to  be  excellent.  The  depend¬ 
ence  of  on  temperature  is  quite  well  described  by  the  power  law: 

k13  =  (2  -  0.2)  x  10_29(300/T)2'0  cn.6/s er  (11) 

The  results  for  reaction  (19)  are  shown  in  Fig.  5  together  with  the  300  K  mea¬ 
surements  by  Moseley  et  al.  (1969)  and  the  results  obtained  by  Itohringer  and  Arnold  (1982) 
at  temperatures  from  45  K  to  400  K.  There  appears  to  be  a  systematic  disagreement  between 
the  data  by  Bohringer  and  Arnold  and  the  present  data  as  well  as  the  300  K  data  by 
Moseley  et  al.  of  about  30J  at  300  K.  A  further  measurement  (Meot-Ner  and  Field  1974) 
also  yielded  somewhat  larger  rate  coefficients  in  the  temperature  range  between  250  K  and 
500  K.  The  disagreements  between  different  measurements  in  the  case  of  this  rather 
uncomplicated  reaction  indicate  that  unrecognized  systematic  errors  are  still  present  in 
some  experimental  techniques,  but  it  is  difficult  to  identify  the  problems. 
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Fig.  4  Measured  rate  coefficients  k+-  kj  3 
for  association  of  N+  ions  in  Nj.  Open  circles: 
Present  data.  Point  marked  M  from  Moseley  et 
al.  (1969). 
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5  Measured  rate  coefficients 
k  «  k^  for  association  of  N.,  ions 
in  N2.  Open  circles:  Present  data. 

Point  marked  M  from  Moseley  et  al. 

(1969).  The  dashed  line  marked  B  +  A 
represents  the  data  by  Bohringer  and 
Arnold  (1982)  as  fitted  by  those  authors. 


A  least-squares  fit  to  the  present  data  yields  a  temperature  dependence  of  k^ . 
in  che  form.: 

k..  -  (5.0  -  0.5)  x  10"29(300/T)2,14  cn6/scc  .  (1 
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As  far  as  applications  of  the  ;n*sent  results  to  D-region  ion  cher.istry  are  ^ 
rneJ,  the  most  important  of  the  reactions  stuJied  is  probably  the  association  of  NO 
with  Ni»  which  is  thought  to  be  the  1 irst  and  rate  limiting  step  in  the  NO* 
i  tirin'.;  sequence.  The  results  presented  here  essentially  confirm  the  conclusions 
wn  earlier  (Johnsen  et  al.  1975)  on  the  basis  of  incomplete  experimental  data.  The 
sured  rate  coefficient  exhibits  the  strong  temperature  dependence,  k  a  T“^#3,  required 
the  model  of  Arnold  et  al.  (1979),  which  yielded  a  dependence.  Thus,  it  appears 
t  the  essential  features  of  the  model  are  correct. 

The  clustering  of  0^  with  N2  is  probably  of  lesser  importance  under  normal  D-region 
Jitions,  but  it  may  play  a  role  under  disturbed  conditions  (Arnold  et  al.  1979). 
ntitative  model  predictions  for  the  temperature  dependence  of  this  reaction  unfortu- 
cly  are  not  available. 

Approaching  the  problem  from  a  distinctly  different  point  of  view,  Calo  ar.d 
cisi  (1080)  recently  proposed  that  the  conventional  three-body  clustering  mechanisms 
eficient,  since  no  allowance  is  made  for  reactions  with  neutral  dimers,  which  should 
present  in  the  D-region  and  also  in  laboratory  measurements.  For  instance,  reactions 
the  type 


N0+  +  N 


2  "2 


+  No 


(17) 


could  produce  the  same  product  ions  as  three-body  association  and,  since  the  dimer 
concentration  increases  with  the  square  of  the  Nj  density,  the  reaction  would  exhibit 
the  same  reaction  order  as  a  three-body  reaction  with  an  apparent  rate  coefficient 


=  hi7  K_ 


cqu. 


where  K 


equ. 


(>2  n2^  '  tN2l  tN2]  ’ 


From  the  theory  of  Stogryn  and  Hirschfelder  (1959),  Calo  and  Narcisi 
ohtained  K  «  7.6  x  10"23  cm3  at  T  -  187  K.  (  Due  to  a  typographical  error 

the  number  y.iven  in  that  article  is  too  small  by  a  factor  of  ten.  Narcisi,  private 
communication).  Assuming  that  k^7  «  10“®  cm3  /sec  one  obtains  k*  «  7.6  x  10  “  32  cm°/sec, 
which  is  only  3.8  %  of  the  measured  value  for  k7  at  187  K.  The  higher  estimates  for 
the  dimer  contribution  given  by  Calo  and  Narcisi  are  due  to  their  assumption  of  a  smal¬ 
ler  value  tor  kj .  Furthermore,  the  estimates  for  Kequ  are  based  on  the  free-rotor 
model  of  Nj  molecules  in  the  dimer,  which  appears  to  give  dimer  concentrations  100 
times,  larger  than  observed  experimentally  (Leckenby  and  Robbins,  1965).  In  conclusion, 
it  seems  that  dimerization  of  N7  has  only  a  negligible  effect  at  D-region  temperatures 
and  that  laboratory  measurements  yield  actual  rather  than  apparent  three-body  asso¬ 
ciation  coefficients. 
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A  microwave-afterglow  mass-spectrometer  apparatus  has  been  used  to  determine  the  dependence  on  electron 
temperature  Tt  of  the  recombination  coefficients  a,  of  the  dimer  and  trimer  ions  of  the  senes  CO’  (CO),  We  find 


a,  =  (1.3±0.3)Xl0-‘(7',(K)/300]“0,4anda1  =  (|.9±0.4)xl0  *[7',|K)/300)  ’em ‘/sec  These  dependences  on  7, 


are  quite  different  from  those  obtained  previously  for  polar-cluster  ions  of  the  hydromum  and  ammonium  series  but 
are  similar  to  that  for  simple  diatomic  ions. 


I.  INTRODUCTION 


The  capture  of  electrons  by  ions  of  the  carbon 

monoxide  series,  CO*-  (CO)„,  where  »  =  0,1,2 . 

is  of  interest  for  several  reasons.  These  ions 
may  be  important  in  ionized  media  where  CO  or 
COz  are  among  the  neutral  constituents,  as  in 
some  laser  plasmas  or  in  the  ionospheres  of  cer¬ 
tain  planetary  atmospheres.  Thus,  determinations 
of  the  electron-ion  recombination  coefficients  for 
the  appropriate  ions  provide  needed  inputs  to 
model  calculations  of  the  behavior  of  these  plasmas. 
More  fundamentally,  previous  studies1*1  have 
shown  that  recombination  coefficients  for  ions  to 
which  strongly  polar  molecules  are  clustered  ex¬ 
hibit  a  very  different  variation  with  electron  tem¬ 
perature  than  that  observed  for  dissociative  re¬ 
combination  of  unclustered  molecular  ions.4  The 
present  study  extends  the  cluster-ion  work  by  ex¬ 
amining  recombination  of  ions  clustered  with  weak¬ 
ly  polar  molecules,  i.e.,  the  dimer  and  trimer 
ions,  CO*  •  CO  and  CO*  ■  (CO)2,  where  the  recom¬ 
bination  reaction  is  most  probably 

CO*’  (CO)„  +  <r-CO*  •  (C0)„-C*  +  0*  +  *(CO); 

(1) 

the  asterisks  indicate  that  the  products  may  be 
electronically  excited. 


tron  heating  is  achieved  by  application  of  micro- 
wave  power  via  a  low-Q  (—10)  TEln  cavity  mode. 
The  time  histories  of  the  various  afterglow  ions 
are  determined  by  sampling  the  ions  which  diffuse 
to  the  cavity  wall  and  effuse  through  a  small  ori¬ 
fice  into  a  differentially  pumped  quadrupole  mass 
filter. 

The  principal  steps  in  the  formation  of  the  ions 
of  interest  are  thought  to  be  (a)  electron-impact 
excitation  of  neon  to  a  metastable  state  No",  (b) 
Penning  ionization  of  CO  molecules  via 


Ne"+  CO  -  Ne  +  CO*+  r* , 


(2) 


and  (c)  clustering  and  breakup  reactions, 
CO*+  CO+  Ne~CO*  •  CO+  Ne, 

and 


(3) 


CO*  •  CO+  CO+  Ne«CO*  ’  (CO)2  +  Ne. 


(4) 


II.  METHOD  OF  MEASUREMENT  AND  DATA 
ANALYSIS 


The  microwave-afterglow  mass-spectometer 
apparatus  is  the  same  as  that  used  previously  in  a 
study  of  the  polar-cluster  ions'  ana  nas  been  de¬ 
scribed  in  some  detail.5  A  microwave  discharge 
lasting  typically  0.1  msec  and  repeated  at  a  10-Hz 
rate  is  generated  in  5-20  Torr  of  neon  containing 
an  admixture  of  a  few  tenths  percent  of  carbon 
monoxide.  The  "microwave-averaged”  electron 
density  fiuw  during  the  afterglow  is  obtained  from 
measurements  of  the  resonant-frequency  shift  of 
the  high-Q  TM0l0  cavity  mode,1  while  steady  elec¬ 


The  relative  abundance  of  ions  in  the  afterglow  is 
controlled  by  varying  the  gas  temperature  from 
-250  to  300  K  and  the  partial  pressure  of  CO  from 
-20  to  100  mTorr,  thereby  affecting  the  equilibria 
of  reactions  (3)  and  (4).  (Under  the  conditions  of 
the  present  measurements  the  CO*  ion  was  never 
a  significant  ion  throughout  the  afterglow,  so  that 
its  recombination  coefficient  was  not  determined.) 

Under  the  conditions  obtaining  in  the  present 
study,  that  is,  the  ions  present  in  significant  con¬ 
centrations  decay  together  during  the  afterglow, 
it  has  been  shown3  that  the  electron  continuity 
equation  can  be  written  as 


t)  ~  „  2  rj  -.2,, 

~  a  ne  +  ”  >'e  > 


(5) 


where  attt,  the  effective  recombination  coefficient, 


is  given  by  o,„  =  T  atf,,  in  which  the  f,  are  the 
fractional  concentrations  (essentially  time  inde¬ 
pendent)  of  each  afterglow  ion  and  D,  is  the  ambi- 
polar  diffusion  coefficient  appropriate  to  a  mixture 
of  positive  ions,5  whose  separate  D,  values  are 
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estimated  from  the  Langevin  (polarization)  mobili¬ 
ties7  of  ions  moving  in  neon.  Usually  only  two 
ionic  species  are  present  in  significant  concen¬ 
trations  during  the  afterglow  (e.g.,  the  dimer  and 
trimer  ions);  therefore  a  ^  may  be  written  as 

«.fl  =Aai+  .  (®) 

with  al  the  dimer-  and  a}  the  trimer-ion  recom¬ 
bination  coefficients. 

A  computer  solution8’9  of  Eq.  (5)  with  appropriate 
values  of  a^r  and  Dd  yields  the  predicted  spatial 
and  temporal  variation  of  the  electron  density, 
from  which  predicted  values  of  num  (/)  can  be  ob¬ 
tained.  Since  the  measurements  of  the  microwave 
cavity’s  resonant-frequency  shift  during  the  after¬ 
glow  directly  yield  (/),  the  value  of  may  be 
determined  from  these  measurements  by  obtaining 
a  best  fit  to  the  data  of  computer-generated  solu¬ 
tions  of  Eq.  (5),  using  the  known  values  of  D,  and 
treating  o^asa  parameter. 

III.  RESULTS 

A  number  of  attempts  were  made  to  achieve  con¬ 
ditions  in  which  CO*  ions  were  the  principal  after¬ 
glow  ions,  however,  without  success.  Consequently, 
we  were  unable  to  determine  the  recombination 
coefficient  for  the  CO*  monomer  ion. 

The  recombination  coefficient  for  the  dimer  ion, 
CO*  *  CO,  was  inferred  from  those  data  runs  In 
which  the  dimer  was  the  only  ion  of  significance, 
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FIG.  1.  Comparative  decays  of  volume  electron  densi¬ 
ty  and  Ion  wall  currents  during  the  afterglow.  The 
dashed  lines  represent  renormalized  values  of 
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FIG.  2.  l/nUK  vs  time  “recombination  decay”  plots 
for  various  electron  temperatures  under  the  same  con¬ 
ditions  as  Fig.  1.  The  solid  lines  represent  best-fit 
computer  solutions  of  Eq.  (5)  to  the  data.  The  zero 
times  for  the  different  T,  runs  are  displaced  for  clarity. 


representing  greater  than  90%  of  the  total  ion 
count.  Referring  to  Fig.  1,  it  will  be  seen  that  in 
this  example  of  our  measurements  the  electron 
density  decay  tracks  theCO* .  COwall  current  de¬ 
cay  (the  dashed  lines  are  renormalized  H)lw  values) 
and  that  the  CO*  concentration  is  *5%  of  the  dimer 
ion  concentration  during  the  ~12  msec  of  the  after- 


Te  (K) 

FIG.  3.  Variation  with  electron  temperature  of  the 
dimer-ion  recombination  coefficient  with  T.=  T„*  300  K. 
Each  type  of  symbol  indicates  a  run  taken  with  a  given 
gas  ftltlng  on  a  given  day.  The  dashed  line  represents  a 
power-law  dependence  for  at. 
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FIG.  5.  l/nuui  vs  time  curves  for  the  same  conditions 
as  Fig.  4.  The  solid  lines  are  best-fit  computer  solu¬ 
tions  of  Eq.  (5)  to  the  data.  The  aero  times  of  succes¬ 
sive  runs  are  displaced  for  clarity. 


V 


FIG.  4.  Comparative  decays  of  nUK  and  ion  wall  cur¬ 
rents  in  an  afterglow  In  which  trlmer  and  dimer  ions  are 
the  principal  positive  ions. 

glow  used  to  determine  a.  Figure  2  shows  examples 
of  the  measured  electron-density  decays  for  several 
electron  temperatures  displayed  in  the  "recom¬ 
bination-decay"  form  of  l/n„w  vs.  t.  The  solid 
lines  are  computer  solutions  of  Eq.  (5)  which  pro¬ 
vide  the  best  fit  to  the  data.  The  measured  varia¬ 
tion  with  electron  temperature  for  a  for  the  dimer 
ions  is  shown  in  Fig.  3.  The  different  symbols 
(circles,  triangles,  squares)  indicate  separate 
sequences  of  runs  taken  some  days  apart  and  sug¬ 
gest  that  the  T,  variation  from  one  run  to  the  next 
is  more  reproducible  than  is  the  absolute  value  of 
a  [CO*  *  CO]  at  a  given  value  of  T,.  The  +  symbols 
indicate  the  reproducibility  of  a  values  determined 
from  several  runs  all  at  T,  =  300  K. 

In  those  runs  where  the  trimer  ion,  CO*  ’  (CO)2, 
was  dominant,  it  was  necessary  in  many  cases  to 
correct  for  the  presence  of  significant  fractions 
of  the  dimer  ion.  An  example  of  the  tracking  of 
the  electron  density  decay  with  the  decays  of 
the  trimer  and  dimer  ions  is  given  in  Fig.  4. 
Electron  density  decays  measured  at  various  elec¬ 
tron  temperatures  for  the  case  where  both  trimer 
(at  84%)  and  dimer  (at  16%)  ions  were  present  are 
shown  in  Fig.  5.  The  solid  lines  represent  best- 
fits  of  the  computer  solutions  of  Eq.  (5)  to  the  data 
to  obtain  atff  vs  T,.  When  the  aefr  data  were 
corrected  via  Eq.  (6)  for  the  dimer- ion  contribution 
using  the  appropriate  values  of  the  inferred 


variation  of  the  trimer-ion  recombination  coeffici¬ 
ent  a2  with  T,  shown  in  Fig.  6  was  obtained.  Again 
the  different  symbols  represent  different  runs. 

If  one  fits  the  data  of  Figs.  3  and  6  to  simple 
power-law  variations  of  the  form  a  ~  T/,  the  re¬ 
sults  of  the  studies  can  be  represented  by  the 
following  expressions: 

»[CO*  •  CO](cm3/ sec)  =  (1 .3  4  0.3) 

xl0-6[rt(K)/300]-°-M  (7) 

and 

or[CO'  •  (CO)2](cm3/sec)  =  (1.9*  0.4) 

x10-8[7’,(K)/300]-°-33, 

(8) 

where  the  stated  uncertainties  reflect  our  estimates 
of  the  systematic  and  random  errors  associated 
with  the  determinations.  While  the  data  of  Fig.  3 
show  no  systematic  deviation  from  the  expression 
given  in  Eq.  (7) ,  the  data  of  Fig.  6  suggest  that 
initially  a  [CO*  .  (CO)2)  may  decrease  more  slowly 
with  increasing  T ,  than  the  expression  of  Eq.  (8) 
suggests  and  then,  above  1000  K,  more  rapidly. 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  present  studies  of  recombination  of  elec¬ 
trons  with  the  carbon  monoxide  family  of  cluster 
ions  indicate  a  dependence  of  the  recombination 
coefficient  on  electron  temperature  which  is  quite 
like  that  found  for  unclustered  molecular  ions.  This 
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PIG.  6.  Variation  of  the  trimer-ion  recombination  co¬ 
efficient  with  T„  for  T,  =  T„  =250  K.  While  the  dashed 
line  represents  a  power-law  variation  of  the  form  a, 

~  T*3-33,  the  dotted  line  may  better  represent  the  actual 
variation. 

result  is  in  sharp  contrast  to  the  virtually  electron- 
temperature-independent  recombination  exhibited 
by  the  clustered  ions  of  the  ammonium2  and  hydroni- 
um1  series.  Thus,  the  dimer  and  trimer  ionsof  the 
CO*  •  (CO), series  exhibit  some  properties  of  both 
unclustered  and  polar-cluster  molecular  ions;  i.e., 
they  have  large  coefficients  at  T.-300  K  (somewhat 
greater  than  10"*  cm3/sec),  as  do  comparably 
clustered  NH«  •  (NH4)„  and  H,0*  •  vHjO)„ series  ions; 
however,  the  dependence  of  a  on  T,  approaches 
that  predicted  (7Y/2)  and  observed  ( ~Tf ’*  to  T;0-*) 
for  the  direct  dissociative  process  for  simple 
diatomic  ions.1 

The  substantially  larger  «  values  for  the  dimer 
and  trimer  ions  compared  to  that  expected10  for 
the  monomer  ion  CO*  probably  result  from  the  in¬ 
creased  likelihood  of  electron  capture  via  an  in¬ 
elastic  energy  loss  to  the  complex  during  the 
initial  Coulomb  collision.  If  the  probability  of  such 
inelastic  losses  varies  slowly  with  electron  energy 


in  CO  discharge  afterglows  did  not  employ  mass 
identification  of  the  recombining  ions.  Thus,  the 
attribution  of  a  measured  recombination  loss  rate 
to  a  particular  ionic  species  in  such  studies  is,  in 
our  view,  rather  speculative. 

Mentzoni  and  Donohue  interpreted  the  lack  of  a 
pressure  dependence  over  the  range  0.2  *  />( CO)  «  2 
Torr  in  their  recombination  coefficient  determin¬ 
ations12  as  evidence  that  CO*  was  the  dominant 
afterglow  ion,  concluding  that  a  [CO*]  xiO"7 
cmVsec  at  T,=  775  K.  In  their  earlier  work11  they 
found  a  constant  value,  7  xlO'7  cm3/sec,  even 
when  the  electron  temperature  was  decaying  to  Tt  = 
300  K  during  the  afterglow;  however,  in  their 
second  paper12  they  use  this  value  for  T,  =  300  K 
and,  on  the  basis  of  these  two  T,  values,  infer  a 
T~?‘*  dependence  for  a[CO*].  While  this  T,  depen¬ 
dence  is  reasonable,  the  absolute  value  appears 
to  be  about  a  factor  of  2,  too  high,10  and  may  result 
from  the  presence  of  dimer  or  trimer  ions  along 
with  the  CO*  monomer.  Our  mass  analysis  of  ions 
in  discharge  afterglows  in  CO-Ne  mixtures  indicates 
the  presence  of  a  mixture  of  ions,  e.g.,  CO*,  CO*. 
CO,  and  CnO* ,  at  CO  pressures  above  0.1  Torr. 

As  noted  in  Sec.  Ill,  we  made  substantial  efforts 
to  determine  a(CO*)  but  were  unable  to  achieve 
conditions  in  the  CO-Ne  discharge  afterglows  where 
CO*  was  the  dominant  afterglow  ion.  For  CO  par¬ 
tial  pressures  below  ~1  mTorr,  both  neon  ions 
from  the  buffer  gas  and  impurity  ions  as  well  as 
CO*  ions  were  present,  complicating  analysis  of 
the  electron  density  decays,  while  for  p(CO)>3 
mTorr,  dimer  or  more  complex  ions  were  domi¬ 
nant. 

Center13  studied  electron  loss  by  recombination 
in  high-pressure  afterglows  (100  sp(CO)  «  700  Torr) 
where  cluster  ions  were  almost  certainly  present 
(as  he  noted).  His  values  of  “ a ”  for  the  unknown 
ionic  mixture  are  comparable  to  our  values  for  the 
dimer  or  trimer  ions  at  T.-1000  K  but  decrease 
much  more  rapidly  with  increasing  T„  differing 


owing  to  the  many  closely  spaced  rotational  and  from  our  results  by  a  factor  -3  at  T,~  5000  K.  Inour 


vibrational  levels  in  the  complex,  then  the  Coulomb 
cross  section’s  l/«  energy  variation  («  is  the 
electron  energy)  dominates  the  capture.  If,  in  ad¬ 
dition,  the  stabilization  by  dissociation  of  the  core 
[refer  to  reaction  (1)]  is  highly  probable,  one  then 
expects  a  variation  of  a  near  T,in.  Although  this 
argument  makes  plausible  theCO*  •  (CO)„data,  it 
appears  that  a  similar  argument  should  apply  to  the 
hydronium  and  ammonium  series  ions.  Thus,  the 
observed  lack  of  dependence  of  a  on  T,  in  the 
latter  cases2’3  is  difficult  to  understand. 

Earlier  studies11*13  of  electron-ion  recombination 


view ,  this  discrepancy  points  out  the  difficulty  of 
making  quantitative  determinations  of  recombina¬ 
tion  coefficients  for  specified  ions  in  molecular 
gases  inthe  absence  of  ionic  mass  identification. 
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Electron-temperature  dependence  of  dissociative  recombination  of  electrons  with  N2  '  •  N2  dimer 
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A  microwave-afterglow  mass-spectrometer  apparatus  has  been  used  to  determine  the  dependence  on  electron 
temperature  T,  of  the  recombination  coefficient  of  electrons  with  the  dimer  ion  N.'-N,  We  find 
a  =  (l.4*0.2)X  10  “(7,  |K|/300]  cm  Vs  over  the  range  300  <  Tr  <  5600  K.  and  T ,  =  7.  =  300  K  These  results 

arc  quite  similar  to  those  found  for  the  CO'  CO  dimer  ion  but  quite  different  from  the  T  '  dependence  inferred 
from  previous  measurements  in  nitrogen  in  which  the  ions  were  not  mass  identified 


1  INTRODUCTION 

The  present  study  of  the  variation  with  electron 
temperature  Tc  of  the  dissociative  recombination 
of  electrons  with  N,"  •  N„  dimer  ions  was  under¬ 
taken  to  extend  our  recent  investigations1  of  the 
mechanism  of  dimer-ion  recombination  and  to 
provide  needed  data  for  modeling  lower- iono¬ 
spheric  regions  and  high-pressure  laser  plasmas 
where  such  ions  might  be  expected.  While  the 
variation  with  Tr  of  the  dissociative  recombina¬ 
tion  coefficient  a  for  simple  diatomic  ions  has 
been  found2  to  approximate  the  7^l/z  dependence 
predicted  theoretically  for  relatively  simple 
diatomic  ions,  recombination  coefficients  for 
cluster  ions  containing  strongly  polar  molecules, 
e.g. ,  H30‘  -H20  and  NH„‘  NH3,  exhibit3-4  a  very 
weak  variation,  approaching  T°. 

A  fast  dissociative  process  is  expected  to  be 
largely  controlled  by  the  initial  Coulomb-collision 
capture  step  whose  cross  section  ac,P,  varies  as 
1/c  (c  is  the  electron  energy)  leading  to  a 
variation  of  as(<rj>(),  where  ve  is  the  electron 
velocity  and  the  angular  brackets  indicate  averag¬ 
ing  over  the  velocity  distribution.  Thus,  the 
finding'  of  a  7”0-34  variation  of  a  for  the  case  of 
the  dimer  cluster  ion  (CO’  *CO)  seemed  quite 
reasonable,  in  contrast  to  the  hydronium  and 
ammonium  cluster  ion  results.3,4  However,  for 
the  case  of  the  dimer  ion  (N2*'N2),  an  earlier 
inference3  of  a  7  '1  dependence  (for  T  -  T„  =T,  -  Tc) 
from  studies  without  mass  identification  of  the 
ions  was  difficult  to  understand,  motivating  us 
to  reinvestigate  this  dimer  ion  with  an  apparatus 
providing  positive  identification  of  the  ions  under 
study. 

II  METHOD  Of-'  MEASUREMENT 
AND  DATA  ANALYSIS 

The  microwave-afterglow  mass-spectrometer 
apparatus  and  method  of  measurement  have  been 


described  in  detail  previously.6  A  microwave 
discharge  1  isting  typically  1  ms  and  repeated  at  a 
10-Hz  rate  is  generated  in  mixtures  of  -10-100 
mTorr  of  nitrogen  and  -8-20  Torr  of  neon.  The 
decay  curves  of  the  various  afterglow  ions  are 
determined  by  sampling  the  ions  which  diffuse  to 
the  cavity  v  all  and  effuse  through  a  small  orifice 
into  a  differentially  pumped  quadrupole  mass 
filter.  The  “microwave-averaged”  electron  den¬ 
sity  du  ing  the  afterglow  is  obtained  from 
measurements  of  the  resonant- frequency  shift 
of  the  high-t^  TM010  cavity  mode,  while  steady 
electron  he  tting  is  achieved  by  application  of  mi¬ 
crowave  power  via  a  low-Q  TEU1  cavity  mode. 
Since,  as  discussed  in  an  earlier  paper,7  the 
heating  microwave  electric  field  produces  an 
essentially  Maxwellian  electron  velocity  distribu¬ 
tion,8  it  is  appropriate  to  use  the  electron  tem¬ 
perature  Tt.  to  characterize  the  elevated  electron 
mean  energy. 

The  princ ipal  steps  in  the  formation  of  the 
nitrogen  ditner  ion  are  thought  to  be  the  following: 
(a)  electron -impact  excitation  of  neon  to  a  me¬ 
tastable  st.me  Nem,  (b)  Penning  ionization  via 
Nem  +  N2  -Ne  +  N2  +  c~,  and  (c)  the  clustering 
and  breakup  reaction 

N2'+N2  i  Ne*N2’-N2+ Ne.  (1) 

The  relativi-  abundance  of  ions  in  the  afterglow 
is  controlled  by  varying  the  partial  pressure  of 
N2,  thereby  affecting  the  equilibrium  of  reaction 
U). 

For  the  c  tse  in  which  only  one  ion  is  present  in 
an  afterglow  dominated  by  electron-ion  recombina¬ 
tion  and  amoipolar  diffusion  loss,  the  continuity 
equation  for  the  electrons  is  given  by6 

(2) 

where  I>a  is  the  ambipolar  diffusion  coefficient, 

A  point-by- joint  computer  solution0  of  Eq.  (2) 
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FJG.  1.  Comparative  decays  of  volume  electron  density 
nuw  and  ion  wall  current  during  the  afterglow.  The 
dashed  line  represents  renormalized  values  of 

yields  the  predicted  spatial  and  temporal  varia¬ 
tion  of  the  electron  density,  «,(?,/),  from  which 
values  of  nM„(f)  may  be  computed. 

The  measurements  of  the  microwave  cavity’s 
resonant-frequency  shift  during  the  afterglow  yield 
directly  the  values  of  the  microwave- averaged 
electron  density  «„„(/). 9  The  value  of  the  recom¬ 
bination  coefficient  a  is  determined  by  obtaining 
a  best  fit  to  the  data  of  the  computer-generated 
solutions  of  Eq.  (2),  using  values  of  Da  for  N/ 
ions  in  Ne  calculated  from  the  Langevin  polari¬ 
zation  interaction  formula10  (empirically  increased 
by  -25%  to  match  data  for  other  ions  in  neon)  and 
treating  a  as  a  parameter. 

III.  RESULTS 

The  recombination  coefficient  of  the  N,’  ‘N2  ion 
was  determined  from  those  runs  in  which  the 
dimer  was  the  only  ion  of  significance  in  the 
afterglow,  thereby  allowing  us  to  employ  the  simple 
analysis  described  above.  An  example  of  the 
measured  decays  of  electron  density  and  ion  wall 
currents  is  given  in  Fig.  1.  The  ion  N2*  ‘N2  is 
dominant,  with  small  amounts  (-5%)  of  42 
(N*  •  Nj)  and  44'  (probably  N20*)  the  only  other 
detectable  ions.  In  addition,  the  N2  ’  N2  ion 
wall  current  "tracks”  the  electron  density  reason¬ 
ably  well  throughout  the  afterglow  (the  dashed 
line  represents  the  vvw  curve  normalized  to  the 
N2*  ‘N2  data  at  5  ms).  The  slight  deviation  at 
8-10  ms  probably  reflects  the  increasing  im¬ 
portance  of  the  N*‘  N2  and  N20*  ions  in  the  late 
afterglow,  since,  if  one  compares  »p„.  to  the 
total  ion  count,  the  tracking  is  improved. 

The  variation  of  the  electron  density  decays  with 


oflerylow  lime  (ms) 

FIG.  2.  ‘‘Recombination  decay"  plots  of  vs  time 

for  various  electron  temperatures.  The  solid  lines  rep¬ 
resent  best-fit  computer  solutions  of  Eq.  (2)  to  the  data. 
The  zero  times  for  the  different  Tf  runs  are  displaced 
for  clarity. 

electron  temperature  Tt  is  illustrated  in  Fig.  2. 
The  zero  time  for  the  different  Te  runs  has  been 
displaced  for  clarity.  The  solid  lines  through  the 
data  points  are  the  computer  solutions  of  Eq.  (2) 
which  provided  a  best  fit  to  the  data.  The  a 
values  inferred  from  these  fits  to  the  data  vi»l  . 
the  variation  of  the  recombination  coeffici  -nt  with 
electron  temperature.  The  results  of  these  and 
our  other  measurements  are  summarized  in  the 
plot  of  a(N2*  •  N2)  vs  Tt  given  in  Fig.  3.  The  ex¬ 
tent  of  the  bar  symbols  indicates  our  estimates  of 
possible  systematic  and  random  errors  in  the 
determinations. 

A  least-squares  fit  of  the  experimental  data  to 
a  simple  power-law  dependence  of  the  form 
a  ~  7”’  yields  the  result  indicated  by  the  dxshed 
line  in  Fig.  3  and  given  by  the  expression 


FIG.  .1.  Variation  with  electron  temperature  t\.  of  the 
dimer-ion  recombination  coefficient  o.  The  dashed  lim 
represents  a  least -squares  fit  to  the  data  of  a  simple 
jiower-law  dependence,  o  -  /  yielding  »  O.-tl. 
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valid  over  the  measured  range  300  ^  Tt  *  5600  K. 
The  data  show  no  significant  systematic  devia¬ 
tions  from  the  simple  law. 

IV  DISCUSSION  AND  CONCLUSIONS 

The  measured  Tt  variation,  a(N2**  N2)-r~0-41, 
for  the  nitrogen  dimer  ion  is  similar  to  that 
observed  in  our  recent  study1  of  the  carbon  mo¬ 
noxide  dimer  ion,  a(CO’ •  CO)~  T'0'3*,  and  is 
consistent  with  the  expected  energy  dependence 
~T'tl/ 2  for  a  fast  dissociative  process,  as  dis¬ 
cussed  in  the  Introduction.  The  recombination 
may  well  involve  a  process  of  the  form 

N2*  •  N,  +  N2*  •  Nj—  N*  +  N  +  N2  ,  (4) 

that  is,  dissociation  of  the  neutralized  “core”  ion 
together  with  detachment  of  the  previously  clus¬ 
tered  neutral  molecule. 

Thus,  the  dimer  ions  of  both  nitrogen  and  car¬ 
bon  monoxide,  involving  a  nonpolar  or  a  weakly 
polar  molecule  clustered  to  the  ion  core  do  not 
exhibit  the  very  feeble  dependence  of  or  on  elec¬ 
tron  temperature  noted  for  the  H30’‘  H20  and 
NH/'NH,  dimerlike  cluster  ions  formed  with 


strongly  polar  molecules.  At  present  we  have  no 
satisfactory  explanation,  in  terms  of  the  recom¬ 
bination  mechanism,  of  the  “pathological”  be¬ 
havior  of  the  hydronium  and  ammonium-series 
cluster  ions. 

The  measured  T'ea  *1  dependence  for  a(N2*‘N2)  is 
much  weaker  than  the  ~T'el  dependence  inferred 
earlier5  bv  combining  data  from  two  experiments, 
one  involving  an  afterglow  measurement  at  300  K 
of  mass-identified  N2*  #N2  ions,11  the  other  an 
afterglow  measurement  of  the  temperature  de¬ 
pendence  of  a  over  the  range  300-600  K  (with 
T,=  T»=  T,)  for  an  unknown  mixture  of  ions  in 
nitrogen  at  relatively  high  pressures  (>  10  Torr).12 
In  our  view,  the  results  of  the  present  experiment, 
in  which  the  identity  of  the  ions  undergoing  re¬ 
combination  with  the  electrons  is  determined, 
should  take  precedence  over  the  earlier  results. 
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